In normal colon, claudin-7 is one of the highly expressed claudin proteins and its knockdown in mice results in altered epithelial cell homeostasis and neonatal death. Notably, dysregulation of the epithelial homeostasis potentiates oncogenic transformation and growth. However, the role of claudin-7 in the regulation of colon tumorigenesis remains poorly understood. Using a large colorectal cancer (CRC) patient database and mouse models of colon cancer, we found claudin-7 expression to be significantly downregulated in cancer samples. Most notably, forced claudin-7 expression in poorly differentiated and highly metastatic SW620 colon cancer cells induced epithelial characteristics and inhibited their growth in soft agar and tumor growth in vivo. By contrast, knockdown of claudin-7 in HT-29 or DLD-1 cells induced epithelial-to-mesenchymal transition (EMT), colony formation, xenograft-tumor growth in athymic mice and invasion. Importantly, a claudin-7 signature gene profile generated by overlapping the DEGs (differentially expressed genes in a high-throughput transcriptome analysis using claudin-7-manipulated cells) with human claudin-7 signature genes identified high-risk CRC patients. Furthermore, Rab25, a colon cancer suppressor and regulator of the polarized cell trafficking constituted one of the highly upregulated DEGs in claudin-7 overexpressing cells. Notably, silencing of Rab25 expression counteracted the effects of claudin-7 expression and not only increased proliferation and cell invasion but also increased the expression of p-Src and mitogen-activated protein kinase-extracellular signal-regulated kinase 1/2 that were suppressed upon claudin-7 overexpression. Of interest, CRC cell lines, which exhibited decreased claudin-7 expression, also exhibited promoter DNA hypermethylation, a modification associated with transcriptional silencing. Taken together, our data demonstrate a previously undescribed role of claudin-7 as a colon cancer suppressor and suggest that loss of claudin-7 potentiates EMT to promote colon cancer, in a manner dependent on Rab25.
INTRODUCTION
Tight junctions (TJs) are the most apical components of the epithelial cell junctional complex and provide a form of cell-cell adhesion. 1, 2 Disruption of the TJ function is associated with alterations in cellular polarity and cancer development. 3, 4 In accordance, the expression of TJ-integral proteins, the claudins, is altered in multiple cancers compared with normal tissues. 5, 6 Downregulation of the claudins in cancer, in general, is consistent with the disruption of TJs during tumorigenesis. 7 Among the claudin family of proteins, claudin-7 presents unique cellular distribution as it not only demonstrates apical but also basolateral membrane distribution in various epithelia, including the intestine. Notably, loss of claudin-7 expression reduces integrin α2 expression, changes its cellular distribution and disrupts the claudin-7/integrin α2/claudin-1 complexes that are present in normal intestinal epithelial cells. 8 The loss of claudin-7 expression is also associated with increased matrix metalloprotease expression, intestinal epithelial tissue damage, mucosal inflammation and death. 8 Rab proteins regulate polarized trafficking to the cell membrane and therefore represent potential regulators of the neoplastic transition. Notably, studies have demonstrated a tumorsuppressor function for Rab25 in the intestinal neoplasia and its loss is associated with poorer patient prognosis. 9 Rab25 expression is also reduced in many breast tumors, and its loss in estrogen-receptor-negative breast cancer cell lines promotes aggression. 10, 11 In the current studies, using data from human patients and in vitro and in vivo data using colon cancer cells manipulated for claudin-7 expression, we demonstrate a colon cancer-suppressive role for claudin-7 and present evidence that loss of claudin-7 expression due to hypermethylation may help identify colon cancers that behave aggressively in patients. We further provide evidence that claudin-7 loss in colon cancer cells promotes mesenchymal traits through the regulation of Rab25 expression and promotes tumorigenesis. Taken together, our studies support a novel tumor-suppressor role of claudin-7 in the colon.
RESULTS

Claudin-7 shows altered and reduced expression in human colon cancer
To characterize the role of claudin-7 in colon tumor progression, we assessed its expression in a combined Moffitt Cancer Center/ Vanderbilt Medical Center colon cancer expression array data set using 250 colorectal cancer (CRC) patient tumors, 6 adenomas and 10 normal adjacent tissue samples (demographics; Supplementary  Table S1 ). Claudin-7 transcript levels were significantly decreased in adenomas and in all CRC stages compared with the normal adjacent mucosal specimen ( Figure 1A) , P o0.001. To determine whether claudin-7 protein levels also decreased similar to the mRNA level, we performed immunohistochemical staining in normal and CRC tissues to localize claudin-7 expression (11 samples). Claudin-7 was largely localized basolaterally in normal colonic mucosa as demonstrated previously ( Figure 1B ). 12 In contrast, tumor tissue revealed little or no detectable claudin-7 staining (72% negative cases: 8/11). These findings were well in accordance with our previous report, using immunoblot analysis, that claudin-7 decreases in CRC samples. 13 To further corroborate, we determined claudin-7 expression in the colon tumors from APC min mice. Indeed, claudin-7 expression decreased drastically in the tumors and correlated with increased cytosolic β-catenin expression ( Figure 1C ). A similar correlation of decreased claudin-7 expression with increased cytosolic β-catenin was also observed in human CRC samples (Supplementary Figure S1 ). The findings above indicated that loss of claudin-7 expression associates with colon cancer progression.
Restoration of claudin-7 induces epithelial features in colon cancer cells Above findings indicated altered and reduced expression of claudin-7 in CRC. We then asked whether claudin-7 has a causal role in modulating tumor phenotypes or is merely a bystander in the malignant transformation process. We used SW620 metastatic CRC cells that do not express claudin-7 as a model. 13 Using stable transfection, we generated vector-expressing SW620 control and claudin-7-expressing SW620 cells (two clones: SW620 claudin-7 (1) and SW620 claudin-7 (2) ). Claudin-7 expressed basolaterally (Supplementary Figure S2A ) and induced epithelial features in these poorly differentiated cells, as SW620 claudin-7 cells grew in flat, adherent sheets (Supplementary Figure S2B) . Also, trans-epithelial resistance, a measure of mature cell-cell adhesion, significantly increased supporting formation of a mature and competent epithelium (Supplementary Figure S7 ). SW620 claudin-7 cells expressed E-cadherin while ZO-1 and β-catenin became predominantly membrane localized ( Figure 2b ). By contrast, the expression of vimentin, claudin-1, N-cadherin, Zeb1 and Snail-1 decreased sharply in SW620 claudin-7 cells (Figures 2a (i and ii)). Consistent with the epithelial characteristics, SW620 claudin-7 cells demonstrated marked downregulation of anchorage-independent growth by 60% (P o0.001; Figures 2c and d) as compared with control cells although the size of the colonies did not differ (Supplementary Figure S2C) .
We further investigated whether claudin-7 expression suppresses cell invasion, a critical step in cancer cell metastasis, and we observed that there were more vector-transfected cells that migrated through the collagen than there were claudin-7transfected cells (P o 0.001; Figures 2e and f). Also, marked suppression of the proliferation and increased apoptosis accompanied claudin-7 expression in SW620 cells ( Supplementary  Figures S2D and E) . Collectively, these findings demonstrated that claudin-7 expression can reverse mesenchymal growth characteristics of colon carcinoma cells.
Loss of claudin-7 induces mesenchymal features in epithelial cells
To confirm whether changes in claudin-7 localization and /or expression actively mediate epithelial-to-mesenchymal transition (EMT) in epithelial cells, we used a reciprocal approach by stably inhibiting claudin-7 expression in well-differentiated and claudin-7-expressing HT29 and DLD-1 colon cancer cells (HT29 shRNA and DLD-1 shRNA ). These cells were again evaluated for epithelialmesenchymal traits, which include (a) morphological characteristics, (b) membrane localization of the junctional proteins, (c) markers of EMT phenotype, (d) anchorage-independent growth and (e) cell invasion. Phase-contrast microscopy demonstrated spindle shapes of the HT29 shRNA and DLD-1 shRNA cells with long processes in comparison with the control cells (Supplementary Figure S3A ). Also, vimentin, claudin-1, N-cadherin, Zeb-1 and Snail-1 expression increased, whereas E-cadherin expression was inhibited (Figures 3a (i and ii). As predicted, claudin-7 depletion led to an increase in proliferation while apoptosis decreased compared with the control cells (Supplementary Figure S3B) .
Also, immunostaining demonstrated a decrease with loss of the membrane expression to redistribute in the cytoplasm of junctional proteins, including ZO-1, E-cadherin and β-catenin ( Figure 3b and data not shown). Inhibition of claudin-7 expression in HT-29 and DLD-1 cells increased colony formation by 38% (P o 0.001) and 41% (P o 0.001), respectively (Figures 3c and d) . Additionally, HT29 shRNA cells displayed an increase in cell invasion by 59% (P o 0.001) and by 70% in DLD-1 shRNA cells as compared with the respective control cells (Figures 3e and f) . Collectively, these observations indicated that claudin-7 negatively regulates EMT and tumorigenic programs in colon cancer cells. This finding correlates well with our published data that claudin-7 expression decreases markedly in cells overexpressing claudin-1 and the increased claudin-1 and decreased claudin-7 are associated with phenotypic features of EMT, increased colony formation and increased invasiveness. 13 Claudin-7 expression reduced tumor xenograft growth in nude mice To study whether claudin-7 can inhibit tumor growth in vivo, we injected SW620 control or SW620 claudin-7 cells into the nude mice using subcutaneous xenograft tumor model (n = 7/group). As previously described, mice receiving the SW620 control cells demonstrated tumor development 2 weeks postinjection, and the average tumor volume was 542.4 ± 161.2 cm 3 after 4 weeks of growth ( Figure 4a ). 13 By contrast, tumors resulting from the injection of SW620 claudin-7 cells were significantly smaller with average volumes of 77.6 ± 19.6 cm 3 after the same period of growth ( Figure 4a ). The tumor weight followed a similar pattern and was 50% lower (P o 0.05) in mice injected with SW620 claudin-7 cells compared with those injected with SW620 control cells ( Figure 4b ). Conversely, tumor volume and the weight increased significantly when claudin-7 expression was suppressed ( Figures  4c and d) . Specifically, the tumor volume was significantly less in the HT29 control cells 155.8 ± 30.2 cm 3 (HT29 control ) as compared with the HT29 cells in which claudin-7 was suppressed 464.8 ± 108.4 cm 3 (HT29 shRNA ) at 4 weeks after cell implantation. The resulting tumors were then evaluated for the expression of claudin-7 and E-cadherin, proliferation and apoptosis (Figures 4e (i and ii) and f (i and ii)). Importantly, there was an increased rate of apoptosis as determined by TUNEL (terminal deoxinucleotidyl transferase-mediated dUTP-fluorescein nick end labeling) staining and cleaved caspase-3 expression, while Ki-67 immunoreactivity was decreased in the tumors resulting from SW620 claudin-7 cells suggesting that claudin-7 expression restores a cell death program and inhibits proliferation. Similar to the in vitro findings, E-cadherin expression was robust in tumors resulting from SW620 claudin-7 cells; however, it remained markedly suppressed in HT29 shRNA cell-dependent tumors (Figure 4f ). These data from in vivo xenograft tumor assays strongly supported the role of claudin-7 as a tumor suppressor.
Claudin-7 expression in human CRC and association with clinical outcomes
In the light of consistent and robust anti-tumorigenic effects of claudin-7 expression in colon cancer cells, we further determined how modulation of claudin-7 expression alters gene transcription using high-throughput transcriptome analysis to identify differentially expressed genes. RNA was isolated from exponentially growing control and claudin-7-manipulated cells under investigation and were subjected to transcriptome analysis on the Affymetrix HG-U133 Plus 2.0 platform (details in Materials and methods). 12 We queried our 250 patient CRC-patient database for claudin-7 expression to investigate potential associations with epithelial cell-specific genes. To do this, we examined differentially expressed genes that correlated with claudin-7 expression from the transcriptome analysis of 250 CRC patients. 12 An epithelial-specific gene expression profile of 113 specific probes mapped to 101 genes was generated by overlapping claudin-7 signature gene expression from claudin-7-manipulated cells with the claudin-7 signature gene expression from human samples. The resulting integrated claudin-7 gene signature was then subjected to unsupervised hierarchical cluster analysis using the 250 patient cohort data. The clustering analysis of claudin-7 signature gene expression revealed three distinct clusters ( Figure 5a ). We then hypothesized that the claudin-7-associated gene expression profile could identify high-risk CRC patients and tested this hypothesis by performing Kaplan-Meier analysis for patient clusters. Patients in cluster 2 (blue) were noted to have significantly better overall survival and disease-free survival as compared with the group of patients in clusters 3 (green) and 1 (red) (Figures 5b and c, P = 0.004, P o 0.001, respectively).
The differential expression and the fold change of these 101 genes per cluster are displayed in Supplementary Table S2 . Out of these 101 genes, we validated the change in the expression of a number of the genes that are known to be involved in colon cancer progression (Supplementary Figure S4 ). The expression of BMP-2, Rab25 and CD55 increased in association with claudin-7 overexpression, whereas Wasf3 and GNG4 were sharply downregulated ( Figure 5a and Supplementary Figure S5 ). Interestingly, the levels of Rab25 were the highest in cluster 2 patients who demonstrated better overall and disease-free survival, whereas the levels of Wasf3 and GNG4 were higher in the clusters associated with poor prognosis. Ingenuity pathway analysis also implicated Rab25 in the top network (data not shown).
Claudin-7 effects are mediated by Rab25 through extracellular signal-regulated kinase (ERK)/Src signaling As Rab25 seem to be an important gene in the claudin-7 signature, next we wanted to determine the Rab25 mRNA and protein expression in claudin-7-manipulated cells. The quantitative PCR analysis also showed significant increase in the expression of Rab25 in SW620 claudin-7 compared with SW620 control cells (Figure 6a ). Immunoblot analysis confirmed upregulated expression of Rab25 in SW620 claudin-7 as compared with control Figure 2 . Manipulation of claudin-7 expression alters EMT and functional characteristics. SW620, SW620 control , SW620 claudin-7(1) and SW620 claudin-7(2) cells (overexpressing claudin-7) were examined for ((a) (i and ii)) expression of EMT markers, including E-cadherin, Vimentin, N-cadherin, ZO-1, β-catenin, Zeb-1 and Snail-1. Actin was used as a loading control. (b) Localization of claudin-7, E-cadherin, β-catenin and ZO-1 was examined using immunofluorescence. (c and d) Anchorage-independent growth assay. Colonies were counted from three individual plates for each sample and were photographed 2 weeks after plating of the cells. The number of soft agar colonies presented is the mean of colony counts from three different experiments. ***Po 0.001 compared with SW620 control . (e and f) Cell invasion assay. Vector and claudin-7expressing cells were grown on 24-well transwells coated with collagen type I (100 μg/ml). After 72 h of plating, cells from the top of the filter were removed, and the cells that had invaded the coated membrane were fixed and counted. Data are presented as mean colony counts in six × 20 microscopic fields from triplicate wells. *P o0.01, ***Po0.001, as compared with respective controls. cells ( Figure 6b ). Of note, the Rab family of proteins has an important role in membrane trafficking and polarity maintenance. 14, 15 Notably, a key observation in our studies was the marked changes in the membrane distribution of epithelial cell-specific proteins upon modulation of claudin-7 expression. Our findings corroborate recent studies demonstrating a tumorsuppressive function for Rab25 in the intestinal neoplasia. 9 In addition, to determine the signaling pathway involved in claudin-7 mediated effects on colon tumorigenesis, we determined the role of ERK, Src and JNK (c-Jun N-terminal kinase) activation. Although p-JNK expression was not affected, we observed marked decreases in p-ERK and p-Src levels in cells overexpressing claudin-7 ( Figure 6c ). To further determine the functional significance of these signaling pathways in claudin-7-induced phenotype, we inhibited the ERK1/2 (U0126; 10 uM) and Src (PP2; 10 uM) signaling. Interestingly, inhibition of the ERK signaling suppressed proliferation in both HT29 shRNA and DLD-1 shRNA cells. However, inhibition of the Src signaling had no effect upon proliferation (Supplementary Figures S6A (i and ii) and B (i and ii)) and thus suggested its role in other cellular functions, including invasion.
We then determined the role of Rab25 in claudin-7-dependent changes in the tumorigenic functions of colon cancer cells. In this regard, we silenced Rab25 expression in SW620 claudin-7 cells (high Rab25) using human Rab25-specific shRNA, which was confirmed by quantitative PCR (Figure 6d ) and immunoblotting (Figure 6e ). Inhibition of Rab25 expression resulted in increased p-Erk and p-Src expression ( Figure 6e ). Silencing of Rab25 also increased proliferation ( Figure 6f ) and invasion ( Figure 6g ) compared with control cells, despite constitutive claudin-7 overexpression, and thus supported the causal role of Rab25 in tumor-suppressive effects of claudin-7 expression through potential regulation of p-ERK and p-Src signaling.
Mechanism of the loss of claudin-7 expression in colon cancer
The presence of CG-dinucleotide-rich sequences in the promoter region of genes and their hypermethylation is a common feature in many cancers, resulting in transcriptional silencing of many genes. 16 We wanted to analyze the mechanism responsible for the loss of claudin-7 expression in SW620 cells (Figure 7a ). The presence of CG-dinucleotide-rich sequences in the promoter region of genes is quite often a signature denoting that hypermethylation may be a potential mechanism for gene silencing. [17] [18] [19] The claudin-7 promoter contains a CpG-rich region extending from − 20 to 900 bp upstream of the translational start site (accession no. 11425795). Therefore, we investigated the promoter region of the claudin-7 gene. Methylation-specific PCR analysis was performed on DNA from five colon cancer cell lines (SW480, SW620, HCT116, CaCO2 and HT29). Notably, SW620 cells that do not express claudin-7 expression demonstrated hypermethylation at the claudin-7 promoter CpG sites (Figure 7b (i) ). Conversely, claudin-7 promoter was unmethylated in claudin-7 expressing SW480, HCT116, CaCo2 and HT29 cells (Figures 7a  and b (i and ii) ). To test further, we subjected SW620 cells with 5-aza-2'-deoxycytidine (5-Aza-dC), a methylation inhibitor. Re-expression of claudin-7 mRNA transcript as well as protein To further determine the specific role of the methylation machinery in the regulation of claudin-7 in colon cancer cells, we manipulated DNA methyltransferase 3a (DNMT3a). Recent studies have shown that DNMT3a can regulate other claudin members and is sensitive to 5-aza-CdR. 20 In this regard, we transfected pcDNA3.DNMT3a plasmid construct in HCT15 and SW480 cells, which express low levels of DNMT3a and express claudin-7. Indeed, overexpression of DNMT3a led to a significantly decreased claudin-7 expression in both cell types (Figure 7d ), suggesting key role for DNMT3a in the regulation of claudin-7 promoter methylation.
DISCUSSION
The escape of cancer cells from the primary tumor sites is a crucial step in invasion and metastasis, the major culprits behind the cancer-related deaths. The EMT is an important, however, complex phenomenon that determines the aggressiveness of cancer cells, including motility and invasion. Notably, this morphological transformation of cancerous cells is accompanied by various cellular processes; however, key importance of the alterations in cell-cell adhesion and cell matrix degradation in this regulation is well recognized. [21] [22] [23] Our findings strongly support this notion and highlight a key role of claudin-7 in the regulation of EMT in colonic epithelial cells. A colon tumor-suppressive role for claudin-7 is further supported by our findings that its expression is markedly suppressed in CRC patients as well as in colon tumors resulting from the mouse model of sporadic or inflammationinduced colon cancer. In accordance, forced claudin-7 expression in highly tumorigenic and poorly differentiated SW620 CRC cells negatively affected their ability to grow in soft agar and invade through the matrix and to induce tumor growth in vivo. By contrast, claudin-7 knockdown in HT29 and DLD-1 cells enhanced their tumorigenic abilities. A tumor-suppressive function for claudin-7 in colon cancer gets further support from our findings, suggesting hypermethylation may help suppress its expression in colon cancer cells. Hypermethylation of claudin-7 in colon cancer has been previously reported. 24 Similar hypermethylation of claudin-7 promoter to suppress its expression has been reported in breast cancer and squamous cell carcinoma. [25] [26] [27] [28] [29] Of note, hypermethylation is a cellular mechanism often employed by cancer cells to inactivate the expression of the tumor-suppressive genes. [30] [31] [32] Our data that claudin-7 was silenced during the early tumorigenesis is consistent with the notion that CpG island methylation in carcinoma occurs early during tumorigenesis. 33, 34 Our data further suggest DNMT3a to be responsible for methylation to downregulate claudin-7 expression. Taken together, our current studies identify claudin-7 as a colon cancer-suppressive gene and suggest that the loss of its expression may promote EMT in colon cancer cells to promote aggressiveness.
Loss of the cell-cell adhesion in transformed cancer cells has long been studied that have now established E-cadherin, an adherent junction protein, as a robust epithelial marker and a 'gold standard' to define epithelial cell transformation. 35, 36 Notably, our studies demonstrated a parallel correlation between claudin-7 and E-cadherin expression, as manipulation of claudin-7 Figure 4 . Effect of modulation of claudin-7 expression on tumor xenograft in vivo. SW620 control or SW620 Claudin-7 cells were subcutaneously injected into the left and right sides of the nude mice (n = 7 mice per group). Circles indicate the tumors generated subcutaneously in nude mice. The nude mice were killed 4 weeks after the injection, and the tumors were removed and weighed. Claudin-7 expressing cell-induced tumors in nude mice were smaller in size compared with those of control cells (a and b). Conversely, HT29 shRNA expressing cell-induced tumors in nude mice were bigger in size cells (c and d). Tumors were evaluated for markers of proliferation (Ki67), apoptosis (TUNEL) as well as claudin-7 and E-cadherin expression by immunostaining (e (i) and f (i)). Tumors were also immunoblotted for cleaved caspase-3, claudin-7 and E-cadherin (e (ii) and f (ii)). **P o0.01, ***Po0.001. expression in colon cancer cells had parallel effect upon E-cadherin expression in multiple colon cancer cell lines. Our findings get strong support from similar effect of claudin-7 expression upon E-cadherin expression in esophageal carcinoma cells in combination with suppressed cell invasion. 37 Notably, the effect of claudin-7 expression upon E-cadherin expression was unidirectional as manipulation of E-cadherin expression did not alter claudin-7 expression in the same cells. 37 Taken together, these findings suggest a potential master regulator role for claudin-7 in the regulation of the differentiation in specific epithelial cell types. Of interest, claudin-7 is one of the highest expressed proteins in the colonic epithelium. 8, 38 Such a postulation gains strong support from the fact that homozygous deletion of claudin-7 gene in mice leads to epithelial cell sloughing, inflammation and neonatal death. 8 Here it is also worthy to note that claudin-7, despite being a TJ-integral protein, is expressed in a basolateral manner in colonic epithelial cells along the cell-cell junction. 8, 38 Further, claudin-7 physically associates with the α2-integrin and claudin-1, yet another TJ protein, in a protein complex, and the loss of claudin-7 disrupts this association. 8 Thus it is tempting to postulate that claudin-7 may serve as a connecting hub between the apical and basolateral domains of the cells, and the loss of its expression may modulate signaling regulated by cell-cell and cell-matrix interaction to induce transformation. Of interest, claudin-7 expression in SW620 cells suppressed ERK and Src activation, which have important roles in EMT and tumorigenesis. [39] [40] [41] Yet another important effect of manipulating claudin-7 expression in colon cancer cells was an inverse effect upon claudin-1 expression. Importantly, claudin-1 expression is highly upregulated in colon cancer, and in our studies, using human patient samples or colon cancer cells, we have demonstrated an inverse correlation between claudin-1 and claudin-7 expression. 13, 42 Most notably, in recent studies, we found that intestinal epithelial cellspecific overexpression of clauidn-1 led to the suppression of claudin-7 expression and epithelial differentiation. 42 Here, it also demonstrates that the claudin-7 gene signature is significantly associated with overall and disease-free survival in 250 CRC patients. Cluster 2 (blue) patients demonstrate better overall survival and less recurrent disease than clusters 3 and 1 patients (P = 0.005 and o0.001, respectively). No association was noted with grade or adjuvant treatment; however, a significant association was noted between the clusters and the stage of the patients (P = 0.02). must be noted that manipulation of claudin-1 expression in colon cancer cells also affect E-cadherin expression, however, in an inverse manner and through the regulation of ZEB-1 expression, a transcriptional inhibitor of E-cadherin. 43 We have also reported that claudin-1 expression in colon cancer cells promotes Wnt/βcatenin signaling. 13, 44 By contrast, claudin-7 expression induced membrane recruitment of nuclear/cytosolic β-catenin expression while its knockdown in DLD-1 and HT-29 cells resulted in delocalization of the β-catenin to cell cytoplasm. Of note, cytoplasmic/nuclear β-catenin induces Wnt signaling, and abnormal activation of the Wnt/β-catenin signaling pathway occurs in CRCs. 45 These results suggest that claudin-7 modulates canonical Wnt signaling and that it regulates cellular transitions between epithelial and mesenchymal phenotypes and implicates the loss of claudin-7 function as contributing to colon tumorigenesis. The recruitment of β-catenin to cell junctions could also contribute to the reduced invasive ability mediated through claudin-7 expression. Taken together, we hypothesize that a delicate balance between claudin-1 and claudin-7 dictates the epithelial differentiation in colonic epithelial cells, and disruption of this balance imbalances Wnt activation through the modulation of E-cadherin/ β-catenin expression/cellular distribution to promote colon tumorigenesis.
Claudin-7 inhibits colon tumorigenesis
We further utilized the comparative functional oncogenomics to connect molecular pathogenic features of human colon cancer to colon cancer cell models with a greater level of confidence to derive a claudin-7-specific gene signature. The resultant clusters discriminated the survival outcomes in human patients with colon cancer with great confidence. We have previously demonstrated that the gene-based metastasis score can identify patients with stage II and III colon cancer at greater risk of colon cancer recurrence and death. 12 Our gene cluster analysis identified a set of 101 genes, which were differentially regulated. Interestingly, the levels of Rab25 were the highest in cluster 2 patients who demonstrated better overall and disease-free survival. In addition, ingenuity pathway analysis also implicated Rab25 in the top network. Notably, Rab25, an epithelial-specific member of the Rab family of small GTPases, has been associated with several epithelial cancers. Rab25 expression is decreased in human colon cancers independent of stage and mouse models of intestinal and colonic neoplasia have demonstrated that Rab25 deficiency markedly promotes the development of neoplasia. 9 In our studies, we show regulation of Rab25 by claudin-7 that suggests an important role of claudin-7 in polarized trafficking to the cell membrane. Most notably, manipulation of Rab25 expression sufficed to overcome the effects of claudin-7 expression on p-ERK1/2 and p-Src signaling, proliferation and cell invasion, suggesting claudin-7 mediates its effect through regulation of Rab25, p-ERK1/2 and/or p-Src signaling. Of note, studies have demonstrated that increase in Rab25 in ovarian cancer cells was associated with aberrations in the cell surface localization of β1integrin. 46 Another recent study demonstrated that the highest concentration of Rab25 expression in colonic epithelial cells exists in the transition between the crypt and the villus regions of the intestinal mucosa. 9, 47 Interestingly, this is also the critical region for the upregulation of β1-integrin expression in the mucosa. 9 Thus it appears that manipulation of Rab25 levels can lead to aberrations in the trafficking of β1-integrin and perhaps other critical regulators of cell adhesion. The effects of Rab25 expression changes on integrins may also lead to alteration in the trafficking of another cargo or changing the effective concentration of direct effectors shared with Rab11a. As described, claudin-7 complexes with integrin α2 and claudin-1 in normal intestine and deletion of claudin-7 gene reduces integrin α2 expression as well as disrupts integrin α2 localization and claudin-7/integrin α2/claudin-1 complex leading to matrix metalloproteases upregulation, intestinal epithelial tissue damage and inflammatory response. 8 Therefore, we propose a possible role of the integrin-Rab25-claudin-1claudin-7 complex in claudin-7-dependent inhibition of colon carcinogenesis. Such investigation is part of the ongoing study in our laboratory.
Taken together, in current studies, we unravel a previously undescribed role for claudin-7 in the regulation of colonic epithelial cell differentiation. Our data from gene manipulation spanning several colon cancer cell lines and the oncogenomics (combining patient and cell line data) reveal that claudin-7 may serve its anti-tumorigenic function by regulating polarized trafficking of the cell-cell adhesion proteins in a Rab25dependent manner and/or through the regulation of Wnt-βcatenin signaling in manners dependent upon claudin-1 and E-cadherin expression levels. We further propose that Erk1/2 signaling has important role in claudin-7-dependent regulation of proliferation in colon cancer cells to promote their tumorigenic ability. Future studies in understanding the pathways involved, including Src signaling, and how they are interconnected will help us in developing new strategies for colon cancer prevention.
MATERIALS AND METHODS
Cell culture and transfection
The human colon cancer cell lines DLD-1, HT29, SW480 and SW620 were obtained from ATCC (Manassas, VA, USA) and cultured in RPMI-1640 containing 10% fetal bovine serum. Cells were transfected using the Effectene Transfection Reagent (QIAGEN, Valencia, CA, USA) as described previously. 13 Claudin-7-overexpressing cell population was selected using Zeocin (0.4 mg/ml), and knockdown cells were selected using puromycin (1 mg/ml).
Human tissue, microarray platforms and statistical analysis
The protocols and procedures for the procurement of human tissue samples and details of the microarray platforms and statistical analysis have been described previously. 13, 44 Immunoblot, immunohistochemistry and immunofluorescence analysis These were performed using the standard protocols as described before. 13, 44 RNA isolation, semiquantitative reverse transcription-PCR and real-time PCR These analyses were performed using the standard protocols. 13 Anchorage-independent growth and invasion assay Assays were done as described previously. 13 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) and apoptosis assays The CellTiter 96 assay from Promega (Madison, WI, USA) was used to perform the MTT assay using the standard protocol. 13 Apoptosis was determined using the Cell Death Detection ELISA PLUS kit (Roche Diagnostics Corp., Indianapolis, IN, USA) as per the manufacturer's protocol. 13 Xenograft-tumor studies All animal experiments were conducted with the approval of the Institutional Animal Care and Use Committee (IACUC) of Vanderbilt University. The tumorigenicity of cells under study was assessed using subcutaneous flank inoculation of 1 × 10 6 cells in 6-week-old athymic nude mice. Animals were assessed for 5 weeks after the inoculation for tumor incidence and growth and then killed.
Microarray analysis
Microarray data were normalized using the Robust MultiChip Averaging (RMA) algorithm as implemented in the Bioconductor package Affy (Fred Hutchinson Cancer Research Center, Seattle, WA, USA). For pairwise group comparisons, t-test in the Bioconductor package Limma (Fred Hutchinson Cancer Research Center) was used to identify differentially expressed probe sets between the two groups under comparison (Cldn7 overexpressed versus control). The implementation of t-test in Limma uses an empirical Bayes method to moderate the s.es. of the estimated log-fold changes; this results in a more stable inference, especially for experiments with a small number of arrays. A false discovery rate of 0.005 was used as a cutoff to have significant gene expression list for the Cldn7 cell line. Cldn7mediated human tumor profile was generated by fitting linear regression for each of the probes on the Affymetrix array to Cldn7 probe 202790_at based on Vanderbilt_Moffit 250 patient samples. We also used cutoffs of false discovery rate o 0.005 to determine significantly Cldn7-associated gene list. These genes were then overlapped with the Cldn7 expression profile from the cells to generate Cldn7 signature containing 103 probes from 88 genes. We then used the Cldn7 gene signature to execute unsupervised hierarchical cluster analysis and outcome determination. The hierarchical clustering with complete linkage and Euclidean distance was applied to generate heatmaps. The three clusters were discovered by hierarchical clustering, and Kaplan-Meier estimates were performed. The log-rank test was used to determine if there were significant differences across three clusters in terms of survival outcomes. No association was noted with grade or adjuvant treatment; however, a significant association was noted between the clusters and the stage of the patients (P = 0.02).
Methylation-specific PCR
Genomic DNA (200-500 ng) was bisulfite modified using a Zymo EZ Methylation Direct Kit (Zymo Research, Irvine, CA, USA). Modified DNA (40 ng per reaction) was amplified by PCR, using 0.2 μM of each primer, 2 units of hot start Taq DNA polymerase and 0.2 mM of each dNTP per reaction. Primers specific for unmethylated DNA were 5′-TGGGGAAA GGGTGGTGTTG-3′ (sense, − 831 to 812) and 5′-TTACCCAATTTTAACC ACCAC-3′ (antisense, − 670 to − 649) yielding a 182-bp product. Primers specific for methylated DNA were 5′-GACGTTAGGTTATTTTCGGTC-3′ (sense, − 550 to 529) and 5′ AAACGCGTTTCTAAACGCCG-3′ (antisense, − 350 to 330) yielding a 220-bp product. The PCR conditions were as follows: one cycle of 95°C for 5 min; 35 cycles of 95°C for 30 s, 56°C for 30 s, and 72°Cfor 45 s; and one cycle of 72°C for 5 min. PCR samples were resolved by electrophoresis on a 1.5% agarose gel.
Statistical analyses
Results are expressed as mean ± s.e.m. Statistical significance was analyzed by two-tailed t-tests and analysis of variance when applicable using Bonferroni's correction for multiple testing. A difference of Po 0.05 was considered significant.
